Introduction
Because much physiological study deals with plants that are secured from seeds, the conditions that prevail during the preliminary germination period constitute a very important part of such studies. Individual variability among the similar plants of an experimental series makes physiological experimentation very laborious, and presents one of the most difficult problems with respect to both technique and interpretation. Many recent experimenters have attempted to reduce variability through some sort of plant selection, and such selection usually begins with the seeds employed, -as when the seeds are chosen according to their genetic background and with reference to size, weight, color, etc. Young seedlings, just after germination, are commonly subjected to more or less rigorous selection according to size and general appearance, but especially according to apparent vigor. Such selection tends to restrict variability and furnishes experimental series of plants that are more nearly alike in their intrinsic physiological nature, as well as in their variability, than would be the case without selection. When young seedlings are selected for uniformity, the standard set of conditions that prevailed while germination was in progress becomes a basis for the selection. Consequently any advance in our knowledge of how specified lots of seed may be influenced in their germination performance by the environmental complex prevailing during the period of germination should be useful in the preparation of seedlings for experiments dealing with more advanced developmental phases. In this connection see GOODSPEED (11) , CORRENS (5), HAASIS (12) , and TANG (36) . Furthermore, a number of students (20) have presented evidence leading to the supposition that the environmental conditions prevailing during seed germination may exert a persistent influence on the vigor and capacity for response of the resulting plant; in other words, conditions that were effective during seed germination may limit subsequent growth and yield. From these and other considerations it is evident that the subject of seed germination is an important one, not only in itself but also as fundamental to the study of more mature plants.
From the standpoint of experimental technique, studies on seed germination are in many ways much less difficult than studies dealing with more mature phases of growth and development. In many instances germination may be studied in the absence of illumination, with the avoidance of many difficult and complicated considerations that inevitably present themselves when cultures are carried out in light; for light intensity, light quality, and light fluctuation may all be left out of consideration in experiments on germination of many common sorts of seed, since ordinary seeds generally carry sufficient nutrient material to support germination and the early stages of seedling development. Although it is desirable to employ as germination medium a weak solution of inorganic salts rather than distilled water, yet excellent germination may be secured with a great variety of different solutions (10) .
The experiments with which this paper deals show, for a specified lot of Black Eyebrow soy bean seeds, the influence of maintained temperature on the proportion of seeds germinating with incubation periods of different lengths. For a number of different combinations of temperature and time the resulting percentage values were studied by simple statistical methods, to bring out some characteristics of the variability of the lot of seed used. For each maintained temperature tested, increments of germination percentage for successive time intervals were studied.
Maintained temperature and time were the only experimental variables involved. All other influential conditions were alike for all tests, or else their complex differed from test to test only as they may have been influenced by temperature and time. Of the various influential conditions that may be varied in an experimental study, maintained temperature is especially suited to experimentation and analysis because it acts directly upon the seed protoplasm and is not subject to modification by integuments or protoplasmic membranes. For these tests temperature was an independent variable, depending only on the environment and not being significantly influenced either by the nature of the seeds or by their activity. The duration factor, time, is naturally an unavoidable component of any experimental procedure, and the length of exposure to a given set of conditions has a powerful influence on the organism's responses.
Soy beani (Soja m)tax Piper or Glycine hispida (Moench) AMaximowicz) seed was chosen as the subject of this study for several reasons. Soy beau is an important crop plant in many reffgions, and it has been used in a number of physiological studies as well as in field experimentation. The seeds are of convenient size for such experiments, and they germinate promptly in darkness when other conditions are suitable. A commonly cultivated, natural hybridization between different varieties of this species appears to be uncommon (8) and homozygous lots of seed are consequently obtainable.
A general review of the literature on temperature relations and time relations of germinatina seeds is already available (6) , and only the publications that bear directly on this study will be mentioned here. Experimental methods and primary numerical results With the exception of the maintained temperatures, a uniform procedure was followed for all the experiments. The seeds lay on agar plates in covered cylindrical petri dishes 10 cm. in diameter and 1.5 cm. deep. Each experiment embraced four sets of five dishes, and each dish had 20 seeds.
The battery of maintained-temperature chambers of this laboratory (23) , which has served for many earlier studies, was employed, but only five of the seven chambers were actually used. The automatic controls were set so as to provide the following five temperatures: 24.50, 28.50, 33.00, 36.50, and 40.00. The two unused chambers had temperatures of 200 and 170. The range of temperature fluctuation for any of the used chambers was about + 0.50.
In this apparatus the seven chambers are in a linear series, each provided with a continuously stirred water-jacket. Each water mass is separated from the two adjacent ones by means of an uninsulated sheet-iron partition, and the entire series is inclosed in a light-proof cabinet with hair-insulated walls and bottom. Access to the chambers is had from above, by means of removable lids with cork and wood insulation. Heat is supplied at one end of the series from a thermostatically controlled tank of hot water and it is removed at the other end by means of another tank of water, the latter being thermostatically controlled by means of a mechanical refrigeration machine. The chambers are vertical cylinders (38 cm. in diameter and 38 cm. deep), and all parts of each chamber remain at practically the same temperature, but the temperature of each chamber differs from the temperature of adjacent chambers to a degree determined by the settings of the two thermostats. In each chamber the petri-dish cultures were stacked loosely, in horizontal position, in a suspended basket of perforated sheet metal.
The seeds used were all from a single lot of Black Eyebrow soy bean seed grown in Indiana in 1930, supplied by the Eastern States Farmers Exchange through the courtesy of Mr. C. W. Clemmer, of Springfield, Mass. It was received in December, 1930. These seeds were characterized by a black hilum and by a black area on each side of the hilum, the rest of the seed surface being olive green or brown. The seed-coat markings corresponded to-the description given by MORSE (26) for seeds of this variety, and the seeds-of this lot were very similar to those of other lots of the same variety obtaine'd from other sources, although those of the lot used were a little smaller on the average; 100 of them weighed 14.1 gm. There was considerable variation in the relative sizes of the areas occupied by the two colors but no obvious relations were detected between seed-coat markings and germination behavior. The whole stock of seeds was sorted at the beginning of the study and a small proportion of obviously imperfect or notably unusual individuals was discarded. The remaining supply was stored in a cloth bag in a loosely covered metal can'kept in a basement room. OATEaOUT (28) Twenty seeds, taken at random from the stock, were about equally spaced on each of the 20 plates, each seed lying on its side. The seeds sank slightly into the agar gel, and at the end of 12 hours about one-third of the seed volume was below the gel surface, the hilum being just above the surface. Thus a large area of the testa was in contact with the gel, which favored water absorption while gaseous exchange between seed and atmosphere was not greatly retarded. Rapid absorption of water took place, showing that the seed testas were readily permeable.' About 25 minutes was required to distribute 400 soy beans on 20 agar plates.
It will be noted that no preliminary sterilization treatment was applied. While such treatments undoubtedly may be effective to prevent or retard subsequent development of microorganisms in the cultures, yet they are apt to exert some influence on germination. As has been remarked, a great variety of chemical substances have been observed to act as seed stimulants, and consequently it seems unlikely that any soaking treatment drastic enough to kill microbial spores would leave the seed embryo unaltered, aside from the effect of water absorption during the treatment (9) . Preliminary soaking, which usually accompanies sterilization treatment, may in itself exert some influence on subsequent germination'performance (20) . It Immediately after placing the seeds, the 20 cultures of a series were installed in the requisite temperature chambers where they remained from 24 to 28 hours, except that they were removed for observation at 2-hour intervals after germinated seeds began to appear. Preliminary experiments showed when germination was to be expected'at the several temperatures, and so the cultures were usually not removed for examination before the end of the tenth or twelfth hour of incubation. A culture was never out of its chamber for more than four or five minutes at any observation. The cultures were held above the level of the eye and viewed from beneath at each observation; the white radicles showed up distinctly and it was easy to decide whether a seed had germinated or not. All germinated seeds were removed as they were found and their number was recorded. The seeds were never touched with the fingers, either in the original sorting, in placing them on the plates, or in removing or transferring them; bonetipped forceps were always employed. The tests were discontinued before all the seeds that miaht have germinated had done so, because the 2-hour increments of aermination percentage became small and highly variable with longer incubation periods. Satisfactory data on these later increments might have been secured only with a much larger number of repetitions than was needed to give significant values for the earlier ones.
These seeds were only rarely observed to be attacked by molds; even at the highest temperature tested such contamination was slow to appear. Whenever an ungerminated seed was seen to be attacked by mold to such an extent as was judged to threaten the contamination of neighboring seeds it was removed. Sometimes such moldy seeds were discarded but in many instances they were simply transferred to vacant depressions in the same agar plate, left by the previous removal of germinated seeds. Usually these transplanted seeds proceeded to germinate without noticeable retardation. For this study a seed was considered to have germinated when the radicle had just broken the testa. The radicle usually grew downward witlhin the seed coat and emerged on the lower side.
For recording aermination percentages, the experimental unit was usually a set of five agar plates bearing altogether 100 seeds, 20 As has been mentioned, each culture was temporarily removed for a short time from its temperature chamber whenever an observation was made; i.e., at 2-hour intervals after the lapse of 10 or 12 hours. All the petri dishes of a set were removed from the chamber together and were returned together after observation. The greenhouse room in which the temperature chambers are, and in which the cultures were examined, had an air temperature usually between 20°and 250 C., and each culture naturally tended to assume the room temperature, becoming either warmer or cooler, while it was out of its chamber. Also, while outside of their chambers the petri dishes and their contents were illuminated, although they were in darkness throughout most of the experimental period. It is conceivable that these short temporary interruptions in the otherwise even tenure of the maintained conditions of temperature and lack of illumination for any culture might exert some sensible influence on germination.
To 40 .00. The optimal temperature range for each of the different period lengths consequently extends from about 33.0°to about 36.50 . No shifting of this optimal temperature range with time, such as has been described by several experimenters with other kinds of seed and with various experimental methods, is apparent here.
Successively longer incubation periods broadened the temperature range within which germination was observed. For the 12-hour, 14-hour, and Temperature, deQ.C. 16-hour periods, minimal and maximal temperatures for the occurrence of germination are apparent, since in these instances two or more of the tested temperatures failed to give any germination. For the longer periods, however, the-minimal and maximal temperature values clearly fall outside the temperature range embraced by the tests. With increasing length of period the graphs become progressively flattened at the top and the several tested temperatures tend to approach equal effectiveness with respect to seedling production. WILsoN (40) found that approximately the same percentage of soy bean seeds eventually germinated at each of the temperatures he tested between 100 and 30°.
In connection with the present study, some experiments with seed of the Manchu, Minsoy, and Tokyo varieties of soy bean showed optimal temperature ranges with upper limits below that of the optimal range for the Black Eyebrow variety as here shown; in most of these additional instances 33.00 was more' favorable for germination than either 36.50 or 28.5°.
In addition to the results thus far mentioned, further examination of the data of table I brings out a number of less obvious relations, some of which are considered in the following sections of this paper. It is to be borne in mind that these results and statistical relations apply strictly' only to the experiments of this study, to the particular stock of Black Eyebrow seed used, and to the specified conditions and technique of this experimentation. Time factors are of course approximated only in terms of the 22hour observation intervals, and all critical temperatures, as well as the lower and upper limits of critical temperature ranges, are naturally to be regarded as ranges' of temperature rather than as definite temperatures. With more laborious and more time-consuming experimental proce'dure, and with still further repetitions of the tests, these approximations might have been given a higher degree of precision, of course;-but the numerical results appear to be sufficiently precise 'to furnish some additions to our knowledge of the performance of samples of germinating seeds. The following discussion will be in terms of temperature ranges rather than in terms of exact temperatures, and each critical temperature mentioned may be considered as approximate to within a few degrees. The n'eed for brevity of statement and for general clearness frequently limits the extent to which considerations concerning relative degrees of precision may be mentioned throughout reports on many biological studies. It is interesting to note that the inevitably approximate nature of critical temperatures for seed germination was clearly emphasized by HABERLANDT (13) figure 2 , which represent the performance of a population of seeds subdivided into cultures that were incubated at different temperatures, bear a superficial resemblance to many temperature graphs of physiological processes, such as growth, yet it must be remembered that the germination percentages of this study do not refer to process rates in individual seeds. The percentages are statistical values representing the various proportions of a seed population that were able to attain a specified developmental stage in cultures of certain ages at the specified temperatures. These proportions are dependent, not only upon prevailing environmental conditions and the duration of incubation, but also upon differences in physiological behavior among the individual seeds constituting the population. The percentage values provide a means for analyzing the physiological variability of the individual seeds within the population and they will now be considered with reference to several types of analysis designed to reveal some features of the nature and extent of this diversity.
In the graphs of figure 3 , germination percentages are represented as ordinates and lengths of incubation time are abscissae, the data for each temperature being plotted separately. The form of each graph shows how the original seed population became gradually transformed, with lapse of time, into a population of seedlings. For all five tested temperatures this transformation evidently followed the same general course. All five graphs are sigmoid and their respective apparent points of inflection are indicated by circles. In general, the cumulative germination percentage increased slowly during the earlier observation periods, and then more rapidly, until a percentage corresponding to the apparent point of inflection of the graph was reached, after which the rate of increase fell off more and more. The five graphs are so similar that if they were plotted as arising from a common abscissa they would nearly coincide throughout. figure 4 , in which lengths of incubation time are measured on the vertical axis while temperature is indicated on the horizontal axis. There are three graphs, for 3, 38, and 70 per cent. respectively. These particular values are selected for special study because mean percentages of about these magnitudes appear for several temperatures in the table, and because the percentage value 38 is especially interesting since it represents the proportion of seeds that had germinated before the rate of seedling production began to fall off (see figure 3 , the points of inflection). The graphs of figure 4 are concave upward, the low-temperature ends of the ones for 3 and for 70 per cent. being farther apart than the high-temperature ends. This difference between the lengths of time corresponding to these two percentages decreases as higher temperatures are examined, and it is interesting to note that there is no evident alferation of this relation as the optimal range of temperatures is approached and passed. These graphs suggest that an optimal range of temperature for seed germination might be taken as the range for which the least time is required for the germination of a specified proportion of the lot of seed studied. Thus the temperature range 33.0°-36.5°might be considered as optimal for the percentage range 3- Increments of germination percentage may be treated in either of two ways. (1) Attention may be focused on the fluctuating rate at which the original seed population is transformed into a seedling population and the average rates for the several 2-hour intervals may be compared to bring out acceleration and retardation. Since counts of germinated seeds were made at each observation, these rates for the several intervals are to be read directly (as percentages of the seed population) from the graphs of figure 5 . Or (2) the percentage increments may be considered as measures of one kind of physiological diversity which was latent in the seed population. The the relative proportions of the population that were embraced in several physiological classes of seeds. Since both these modes of treatment are instructive, the 2-hourly increments of germination percentage will be discussed in terms of each, in turn.
RATES OF SEEDLING PRODUCTION.-The rate of seedling production is seen ( fig. 5) to have changed in a rather regular way for each of the five temperatures tested. Beginning with a low value for the first interval that yielded any seedlings at all, it increased rapidly to a maximum, slhown for the third 2-hour interval of seedling production, and then it decreased. For the three lower temperatures the rate for the fourth interval is about like that for the second, and for the two higher temperatures this is true of the rate for the fifth interval. For subsequent intervals the rate generally continued to decrease progressively. The decrease is usually seen to have been less rapid than the earlier increase; i.e., retardation of the rate of seedling production was less rapid than acceleration. The differences between successive values of the rate are more marked for the higher temperatures than for the lower ones; for 24.50 there is relatively little difference between the 18th hour of incubation and the 26th hour, and no doubt this tendency toward uniformity of rate throughout many consecutive 2-hour intervals would be still more pronounced if still lower temperatures had been employed. There was evidently a direct relation between the incubation temperature and the maximum rate of seedling production, the rate for the third interval after seedlings began to appear being greater as the temperature was higher.
Since the peaks of the graphs of figure 5 mark the respective points at which seedling production began to fall -off, the abscissa of the peak for each temperature is equivalent to the abscissa of the apparent point of inflection on the corresponding graph of figure 3 . Both figures consequently show the same relations between incubation time and the maximal rate of seedling production for each tested temperature, for the rate of seedling production is of course just the rate of increase in the cumulative germination percentage in each series. Table II shows these relations.
Although the maximal 2-hour rate of seedling production and the duration of incubation required for the development of that maximal rate are both seen to have varied considerably and consistently with the degree of temperature employed, yet the total germination percentage corresponding to the apparent points of inflection on the graphs of figure 3 (and hence to the maximal rates of seedling production) appears to have shown no significant and consistent variation with temperature. This apparently critical percentage value is constant within the narrow range from 36.4 to 39.9, and its average magnitude for all five temperatures is 38.2. This is a remarkable constancy, and it is at once suggested that we have here a critical index of some characteristic or combination of characteristics of this lot of seeds. Apparently about 35-40 per cent. of the individuals were able to germinate with exceptional promptness, no matter which of the five widely different temperatures was employed. Whether the group of specially prompt and highly temperature-tolerant seeds (with respect to their capacity for germination) would embrace the same individuals for all favorable test temperatures is of course not known, for this apparently significant percentage is merely a statistical value pertaining to the entire lot. Such an index may perhaps be of value in practical seed testing, for useful viability indices of stocks of seed may well refer definitely to capacity for prompt (although incomplete) germination of representative samples under a variety of environmental conditions, rather than to capacity for ultimate (and more nearly complete) germination of the samples with an environmental complex that is specially favorable to germination without reference to promptness. Several investigators mentioned by TOUMEY (37, p. 128) have recognized that the percentage of seeds germinating before the rate of seedling production begins to fall off may be used to represent the capacity of a given lot of seeds to produce seedlings quickly. In many situations encountered in forestry and agriculture, plant competition is so severe that an early start may be essential if a plant is to survive. TOUMEY used the name "germinative energy" for this percentage value, a term not wholly satisfactory, since ambiguity in the broader usages of science is apt to arise when a word (such as energy) with a definite meaning in one field (physics) is used in a different sense in another field (biology). sity of individual seeds with respect to rate of response to the prevailing germination conditions becomes more apparent. For instance, the first seedlings were found after 12 hours of incubatioln at 33.00, and after 24 hours only 80 per cent. of the population had germinated. It seems evident that there must have been important physiological differences of some kind among the seeds of this lot, when, for example, some seeds required only 12 hours and others required 24 hours to reach the same stage of development, although all were treated alike.
Since the cultures were examined every two hours and all germinated seeds were removed at each examination, this procedure operated as a sorting process, the seeds falling into one or another of several different physiological classes. Each class was characterized by rates of response of its members to specified conditions of incubation. If the histograms of figure 5 are examined with this concept in mind, then the intervals on the horizontal axis represent the various physiological classes into which the seeds were sorted, and the height of each segment or block of the histogram indicates. the relative size of its particular class. Comparison of the five histograms brings out some notable similarities. Each shows a tendency for the values for length of incubation time to fall close to a crude mode (the third interval measured from the beginning of the appearance of seedlings), and the farther removed a class is from the crude mode the fewer are the individuals in it. Furthermore, the number of individuals with longer incubation periods than the modal length exceeds the number with shorter incubation periods, and each graph is consequently somewhat asymmetrical. In these respects the histograms are not unlike many other frequency polygons representing the distribution of some quantitative character among the members of a population of organisms. In connection with the study here reported, similar data were obtained for several additional kinds of seed, including three soy bean varieties and Alisma plantago-aquatica L.; in nearly all instances where large seed samples were employed with a maintained temperature, a frequency polygon essentially much like those shown in figure 5 could be constructed from the experimental results. Perhaps the most remarkable feature of these histograms representing a grouping of the seeds into physiological classes is their evident similarity with respect to the size relations of the several classes. That this sort of graph takes so nearly the same form for all five temperatures renders this relation much more striking and apparently more significant than it might be if all tests had been carried out at the same temperature.
It will be observed -that the higher-temperature graphs of figure 5 exhibit more abrupt steps or gradations from class to class than are shown by the lower-temperature graphs. This is probably related to the fact that the processes of germination went forward more rapidly at higher tempera-tures than at lower ones. Obviously the results of this kind of sorting should depend not only on the statistical distribution of the differernt kinds of individuals in the original seed sample, but also on the time-temperature characteristics chosen for the sorting procedure. For example, if it were required to sort 80 per cent. of the seeds of a sample into a specified number of classes, and if the relative sizes of the several classes were also specified, then this sorting technique might be applied by using any one of a number of different maintained temperatures, but the observation intervals would need to be shorter for higher temperatures than for lower ones.
Probably the properties of the agar gel on which the seeds rested changed during incubation, and the slowly developing seeds may not have been subjected to exactly the same environmental conditions as the rapidly developing ones. If it had been possible to maintain the environmental conditions constant throughout the period of incubation, perhaps the rates of seedling produetion might have been somewhat different. If greater changes in the medium took place at high temperatures than at low ones, some of the differences in form of the graphs of figure 5 might be accounted for. Such considerations as these, however, cannot alter the significance of the fact that the rates of response of the individual seeds were not alike, for all the seeds of any culture received similar treatment at the start.
Although many students of seed germination have been aware that counts made at intervals in a germination experiment furnish data resolvable into graphs similar to those of figure 5, nevertheless this aspect of the general problem of germination relations has rarely been discussed. Perhaps one reason for this may be that many experimental studies on seed germination have been made with relatively small seed samples. With small-samples the increments of germination percentage are naturally also small, and they are likely to be irregular as well. In the present study the seed samples were relatively large (from 800 to 3600 individual seeds per sample), and this seems to have insured for every sample a fair representation of all the physiological classes in the stock, smoothing out manv irregularities of the Figure 6 shows the temperature-time relations of the emergence of Drosophila imagoes, the daily emergence-percentage increments for which have been computed from LOEB and NORTHROP'S tables. These histograms are plotted like those of figure 5 and require no special explanation. Rates of emergence are an expression of individual variation in capacity for development, and a study of this kind shows not only the constitution of the population under consideration but also the extent to which the units of the population are influenced by the various sets of conditions employed in the experimentation.
WAGGONER (39) studied the progress of germination in samples of radish seeds with various water contents, the samples having been subjected to a temperature of 80°for 30 minutes before being distributed to germinate on wet plaster-of-Paris blocks. Samples with original water content of 18 per cent. failed to show germination, and those with 14 or with 9 per cent. moisture showed limitation and retardation of germination as compared with the sample having water content of only 4 per cent. Daily counts of germinated seeds showed clearly the manner in which the time rate of seedling production increased to a maximum and then decreased. Histograms construeted from WAGGONER'S tables possess the same general characteristics as those shown in figure 5. This germination method of separating physiological classes in a stock of seed has been used to advantage by CORRENS (5 figure 5 , and when plotted their graph is very similar in form to the graphs of figure 4. Because this index of germination varies with the maintained temperature used in the experiment from which it is derived, it may furnish an additional criterion for establishing a temperature optimum for the germination of a stock of seed, that temperature being taken as optimal for which the lowest mean incubation time is shown. When several stocks of seed are to be compared as to average promptness of germination, they might be tested severally in a manner similar to that of this study and a score number or coefficient of germination capacity for each stock might be the mean incubation time corresponding to the optimal temperature for that stock; i.e., the shortest mean incubation times shown by the 2. The rate of seedling production, measured as the percentage of the total seed population germinating per 2-hour interval, showed a maximum for the third 2-hour interval in which any seedlings were found. For each of the five temperatures tested the germination percentage attained when the rate of seedling production began to fall off was found to be 35-40. For later incubation intervals the rate of seedling production decreased more slowly than it had increased prior to the attainment of its maximal value.
3. The removal of germinated seeds from test cultures at regular intervals constitutes a sorting process which distributes the seedlings derived from a seed sample into several classes, according to their rates of emergence under specified uniform and favorable sets or complexes of germination conditions. In terms of this conc-ept, the increments of germination percentage from one observation to the next indicate the relative sizes of these physiological classes in the original seed sample as well as in the resulting lot of seedlings.
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